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Dispersions of rigid-chain conjugated polymers, 
process for their manufacture and their use for 
the manufacture of electronic components 



Field of the invention 

The present invention relates to dispersions of rigid- 
chain conjugated polymers, a process for their manufac- 
ture and their use for the manufacture of electronic com- 
ponents . 

In particular, the invention relates to the manufacture 
of ready-to-use dispersions of such polymers, the parti- 
cle size of which lies in the nanometer range and which 
may be used as active materials in electronic components, 
such as field effect transistors, organic LEDs or in 
photovoltaic cells . 

Background of the invention 

Rigid-chain conjugated polymers are of interest as active 
materials for electronic components, in particular, be- 
cause of their semi conductive properties. They comprise, 
inter alia, aromatic heterocyclic ladder polymers, such 
as poly (benzobisimidazobenzo-phenanthroline) (BBL) , poly- 
quinolines , polybenzothiazoles , polybenzoimidazoles , 
polyheterodiazoles . 

Such polymers, which ideally have a rod- like shape, are 
normally entirely insoluble in common organic solvents as 
well as in water and in aqueous solvents or solvent mix- 



tures . Despite their interesting mechanical and electri- 
cal properties, which result from the virtually parallel 
arrangement of the rod- shaped conjugated molecules in the 
solid state, such as their high thermal stability, good 
5 mechanical strength and their semi conductive character, 
these polymers are not yet commonly used for technically 
relevant products. The reason for this may be that they 
are sufficiently soluble only in concentrated acids, such 
as sulfuric acid, methane sulfonic acid or by complexa- 
10 tion with Lewis acids (nitroalkanes/Lewis acid mixtures ; 
S. A. Jenekhe P. O. Johnson, Macromolecules 1990, 23, 
4419-4429) and that the processing of these solutions is 
not technically feasible. 

15 However, it may be expected that these rigid-chain conju- 
gated polymers exhibit interesting electronic properties 
due to their rod- shaped arrangement and their semiconduc- 
tive properties in the solid state. 

20 State of the art 

Jenekhe et al . recently published results relating to a 
thin-layer transistor which contained the ladder polymer 
poly (benzobisimidazobenzo-phenanthroline) (BBL) as the 

25 active layer (A. Babel, S. A. Jenekhe, Adv. Mater. 2002, 
14, 371-374) . It could be shown that it is possible with 
this material, for the first time, to prepare a n- 
semiconductive polymer transistor with electron mobili- 
ties of up to 5 x 10~ 4 cm 2 /Vs. However, this could be 

30 achieved only by means of a very complex and technically 
hardly feasible layer formation process. This involved 
dissolving the rigid-chain BBL in methane sulfonic acid 
in order to prepare thin layers thereof by spin coating. 
The active layer thus obtained can be used only after 

35 complicated washing steps (treatment with 10% triethyl- 
amine solution in ethanol, washing with water and drying 
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in vacuum at 60°C) . While this process may be practicable 
on a laboratory scale, it is not feasible as an indus- 
trial process. 

The solubility of the rigid-chain conjugated polymers de- 
scribed above in common organic solvents such as chloro- 
form, toluene, xylene etc. may possibly be achieved by 
lateral substitution with, for example, alkyl, alkoxy or 
dialkylamino groups. However, in the majority of polymer 
syntheses this requires a markedly increased synthetic 
effort. Moreover, in many cases such substitution is sub- 
ject to certain limitations (for example, in the case of 
BBL) . Furthermore, lateral substituents may adversely af- 
fect the electronic properties. Therefore, the solubili- 
zation of a rigid-chain conjugated polymer by introduc- 
tion of lateral substituents into the polymer structure 
does not normally constitute a practicable or advanta- 
geous possibility for the preparation of ready-to-use so- 
lutions or dispersions of these materials. 

Summary of the invention 

Thus, it is an object of the invention to provide a proc- 
ess by which rigid-chain conjugated polymers, which are 
insoluble in organic solvents, may be converted to a form 
in which they may be conveniently processed and which is 
suitable, in particular, for the manufacture of thin 
films of these polymers. 

This object is achieved according to the present inven- 
tion by a process for the manufacture of a dispersion of 
a rigid-chain conjugated polymer, which is insoluble in 
organic solvents, in an aqueous or organic or aqueous - 
organic dispersion medium, comprising the steps: a) pre- 
paring a solution of the polymer in a strong acid or in a 
liquid mixture comprising a Lewis acid; and b) introduc- 



ing the solution prepared in step a) into an aqueous sur- 
factant solution so as to form a dispersion of the poly- 
mer. 

5 According to the invention, there is thus provided a dis- 
persion of a rigid-chain conjugated polymer, which is in- 
soluble in organic solvents, in an aqueous or organic or 
aqueous -organic dispersion medium, wherein the size of 
the dispersed polymer particles lies in the range of 10 
10 to 800 nm. 

Furthermore, the invention comprises the use of such a 
dispersion for the manufacture of a thin film of a rigid- 
chain conjugated polymer and for the manufacture of an 
is electronic element . 

Brief description of the drawings 

Figure 1 shows an scanning electron microscopic image of 
20 a thin film of BBL particles on Al (BBL particles in 0.1% 
surfactant/water solution, solids content 1%) . 

Figure 2 shows an scanning electron microscopic image of 
a thin film of BBL particles on Al (BBL particles in 1% 
25 surfactant/water solution, solids content 1%) . 

Figure 3 shows an scanning electron microscopic image of 
a thin film of BBL particles on Al (BBL particles in 0.1% 
surf actant/THF solution, solids content 1%) . 

30 

Figure 4 shows an image of the film shown in Figure 3 at 
a larger scale. 

Figure 5 shows the characteristics of an organic field 
35 effect transistor (OFET) which has been prepared by using 
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a dispersion of poly (benzobisimidazobenzo-phenanthroline) 
(BBL) particles according to the present invention. 

Description of preferred embodiments of the invention 

5 

The polymers employed in the process according to the in- 
vention are rigid- chain conjugated polymers which are in- 
soluble in organic solvents, in particular, in common or- 
ganic solvents such as chloroform, toluene and xylene. 

10 

The rigid- chain conjugated polymers, which may be used in 
the process of the present invention, comprise, in par- 
ticular, aromatic heterocyclic ladder polymers, polyqui- 
nolines , polybenzothiazoles , polybenzoimidazoles , poly- 
15 heterodiazoles and mixtures thereof. 

The structural formulae of typical polyheterodiazoles 
(Formula (I)), polyquinolines (Formula (II)) and polyben- 
zothiazoles or polybenzoimidazoles (Formula (III) ) are 
20 shown below: 




J n 
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In these formulae, each R' represents a divalent aromatic 
or heteroaromatic residue; R represents an aryl or aral- 
kyl group; X represents N-alkyl, N-aryl, O, S or S0 2 ; and 
Y, independently, represents N-H; N-alkyl, N-aryl, O or 
5 S. 

The process according to the present invention is suit- 
able, in particular, for the preparation of dispersions 
of poly (benzobisimidazobenzo-phenanthroline) (BBL) , the 
10 structure of which is shown in Formula (IV) . 




(IV) 



The polymers employed in the process according to the 
present invention typically have intrinsic viscosities in 
is methane sulfonic acid at room temperature of 1.3 to 6 
dl/g, preferably 1.5 to 3 dl/g. 



The dispersion medium of the dispersions prepared accord- 
ing to the process of the present invention is an aqueous 

20 or organic or aqueous -organic dispersion medium. Thus, 
the dispersion medium consists essentially of water, or 
an organic solvent, such as chloroform, toluene, xylene, 
tetrahydrof uran (THF) or cyclohexanol . The dispersion me- 
dium may also consist of a mixture of water and an or- 

25 ganic solvent which is miscible with water. In particu- 
lar, the dispersion medium is substantially free of sub- 
stances which substantially hamper the processing of the 
dispersion, especially at an industrial scale. Such sub- 
stances comprise, in particular, strong acids, strongly 

30 corrosive substances or strongly toxic substances. There- 
fore, the dispersions prepared according to the process 



- 6 - 



of the present invention may be used, in particular, in 
conventional processes for the preparation of thin poly- 
mer films. 

In the first step of the process according to the present 
invention, the polymer is dissolved in a strong acid or 
in a liquid mixture containing a Lewis acid. The strong 
acid is preferably methane sulfonic acid or concentrated 
sulfuric acid or a mixture thereof. The mixture contain- 
ing a Lewis acid is preferably a mixture of a Lewis acid 
with a nitroalkane or a nitroaromatic compound, such as 
nitromethane or nitrobenzene. The Lewis acid is prefera- 
bly GaCl 3 , A1C1 3/ FeCl 3 , or SbCl 3 . The content of the Lewis 
acid in the mixture is preferably 30 to 90 wt-%. 

The concentration of the polymer in the solution prepared 
in the first step of the process according to the present 
invention is typically 0.1 to 5 wt-%, preferably 0.5 to 2 
wt-% . 

In the second step of the process according to the pre- 
sent invention, the solution prepared in the first step 
is introduced into an aqueous surfactant solution. This 
is done so that the polymer forms a dispersion. In order 
to form a stable dispersion, the introduction of the so- 
lution of the polymer into the aqueous surfactant solu- 
tion is preferably conducted under the influence of ul- 
trasound. Commercially available ultrasonic homogenizers 
are particularly useful for this purpose. 

Useful surfactants are ethoxylates and polyethylene gly- 
cols and, in particular, fatty amine ethoxylates. These 
are generally of a basic nature. 

The dispersion of the rigid-chain conjugated polymer ob- 
tained in the second step of the process according to the 



present invention contains the solvent used in the first 
step (the strong acid or liquid mixture containing a 
Lewis acid) only in a highly diluted form. Nevertheless, 
it is generally preferable to subsequently, carry out the 
5 following steps: separating the dispersed polymer from 
the liquid phase of the dispersion obtained in the second 
step; washing the separated polymer and re-dispersing the 
washed polymer in an aqueous or organic surfactant solu- 
tion. 

10 

The separation of the dispersed polymer can be carried 
out, in particular, by centrifuging and decanting of the 
supernatant solution. The separated polymer (centrifu- 
gate) may then be taken up again in water in order to 
15 wash it. This procedure (centrifuging and taking up in 
water) is preferably repeated until the pH of the super- 
natant solution is neutral. 

After the washing, the dispersed polymer is re-dispersed 
20 in an aqueous or organic surfactant solution. This re- 
dispersing, too, is preferably carried out under the in- 
fluence of ultrasound. Suitable dispersion media com- 
prise, in particular, a solution of one of the aforemen- 
tioned surfactants in water or in an organic solvent such 
25 as chloroform, toluene, tetrahydrof uran or cyclohexanone, 
or in a mixture of water and an organic solvent which is 
soluble in water, such as tetrahydrof uran . The concentra- 
tion of the surfactant solution used in the process ac- 
cording to the present invention is preferably 0.01 to 5 
30 wt-%, more preferably 0.05 to 2 wt%. 

The process according to the present invention provides a 
dispersion of a rigid-chain conjugated polymer, which is 
insoluble in organic solvents, in an aqueous or organic 
35 or aqueous -organic dispersion medium, wherein the size of 
the dispersed polymer particles lies in the range of 10 
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to 800 nm, preferably 10 to 100 nm. Apart from the sur- 
factants contained therein, the dispersion medium con- 
sists essentially of water or an organic solvent, such as 
chloroform, toluene, tetrahydrof uran or cyclohexanone, or 
s of a mixture of water and an organic solvent which is 
miscible with water, such as tetrahydrof uran . In particu- 
lar, the dispersion medium of the dispersion according to 
the present invention is free of substances which sub- 
stantially hamper the industrial processing of the dis- 
io persion for the manufacture of thin films of rigid-chain 
conjugated polymers, such as strong acids. 

Accordingly, the stable dispersions according to the pre- 
sent invention are suitable, in particular, for the manu- 
15 facture of thin layers by drop casting or spin coating 
processes. Such thin layers may be used, in particular, 
as active charge carrier layers in electronic components, 
such as field effect transistors, organic LEDs or photo- 
voltaic cells. 

20 

Examples 

The invention will hereinafter be illustrated by prepara- 
tion and application examples. The ladder polymer 
25 poly (benzobisimidazobenzo-phenanthroline) (BBL) used 

therein was synthesized with endcapping as described by 
Arnold et al . (F. E. Arnold, R. L. van Deusen, Macromole- 
cules 1969, 2, 497-502). All percentages are by weight, 
unless stated otherwise. 

30 

Preparation of stable aqueous and organic dispersions. 

A 1% (by weight) BBL solution in methane sulfonic acid 
was prepared first. For this purpose, 100 mg of BBL were 
35 dissolved in 10 g of methane sulfonic acid. Furthermore, 
a 1% aqueous surfactant solution was prepared from T150. 
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T150 is a surface active Genamin (Hoechst) of the series 
of tallow fatty amine ethoxylates with 15 molecules of 
ethylene oxide per molecule of tallow fatty amine. Into 
100 ml of this surfactant solution, the BBL-methane sul- 
fonic acid solution was introduced slowly over a period 
of 4 minutes with a pipette under sonication with the ul- 
trasonic homogenizer HD 22 00 (HF power 2 00 W; HF fre- 
quency 20 kHz) at maximum output. The solution was then 
sonicated for another 4 minutes. The dispersion thus ob- 
tained was centrifuged (45 min, 4500 rpm) . The centrifu- 
gate was decanted from the supernatant solution and re- 
peatedly taken up in water and centrifuged again. This 
procedure was repeated until the pH of the washing solu- 
tion was neutral (about 4 to 6 times) . The centrifugate 
was then re-dispersed in a water/surfactant solution (10 
ml of a 1% or 0.1% solution of T150 in water) under ul- 
trasonication at maximum power (4 minutes of ultrasound) . 
This results in stable dispersions with particle sizes in 
the range of 15 to 100 nm. 

Re-dispersion in tetrahydrofuran 

In this case, the centrifugate washed to neutrality was 
re-dispersed in a tetrahydrof uran/surf actant solution (10 
ml of a 0.1% solution of T150 in tetrahydrofuran) under 
ultrasonication (4 minutes of ultrasound, at maximum 
power) . This also resulted in stable organic dispersions 
with particle sizes in the range of < 100 nm. 

Characterization of the particles 

The average particle size was determined by ultracentri- 
fuge and confirmed by scanning electron microscopy. Scan- 
ning electron microscopy was carried out with a JSM6330F 
microscope manufactured by Joel. The sample preparation 
was carried out as follows: The object slide was drop- 
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coated with the sample and a 4 nm thick layer of platinum 
was subsequently sputtered onto the sample. The sample 
thus prepared was evaluated at an acceleration voltage of 
5 kV. 

The results for dispersions according to the present in- 
vention in various dispersion media are summarized in Ta- 
ble 1. 



Table 1 

Average particles sizes for samples of dispersions ac- 
cording to the present invention of 
poly (benzobisimidazolbenzo-phenanthroline) (BBL) in vari- 
ous dispersion media (solids content 1%) 



Sample 
No. 


Dispersion medium 


average parti- 
cle 
size 


see 
Fig- 
ure (s) 


1 


0 . 1% surfactant/water 
solution 


25 - 50 nm 


1 


2 


1% surfactant/water so- 
lution 


15 - 30 nm 


2 


3 


0.1% surf actant/THF so- 
lution 


2 5 - 5 0 nm 


3, 4 



Construction of an organic field effect transistor (n- 
type) 



Active charge carrier layers in electronic components 
with layer thicknesses of 800 to 15 nm (limited by the 
particle size) , such as in an organic field effect tran- 
sistor (OFET) , were prepared by dropping or spin-coating 
of the stable aqueous dispersions with solids contents of 
10 to 0.5% and surfactant contents of 10 to 0.05% and 
subsequent drying of the layer. 



Field effect transistors with bottom gate structure were 
constructed. The OFET structures used were characterized 
as follows: source drain (aluminium) spacing: 20 /xm, W/L 
ratio: 360, gate layer thickness (Si0 2 ) : 500 nm. 

The aqueous 1% surfactant - containing dispersion with a 
solids content of 1% of poly (benzobisimidazobenzo- 
phenanthroline) (BBL) particles (Table 1, Sample No. 2) 
was dropped onto a transistor structure in a glove box 
and subsequently heated for 2 hours at 110°C in order to 
remove the water. 

The characteristics of an OFET structure with 
poly (benzobisimidazobenzo-phenanthroline) (BBL) particles 
thus obtained are shown in Figure 5 . These show a marked 
field effect (Figure 5) and a saturation behavior from, 
which the charge carrier mobilities may be determined. 

The characteristic field of the OFETs with 
poly (benzobisimidazobenzo-phenanthroline) (BBL) particles 
gave a charge carrier mobility of, at most, 1.2 x 10" 
5 cm 2 /Vs. 
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